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Two-photon absorption (TPA) fluorescence of biomarkers has been decisive in advancing the fields of biosensing and
deep-tissue in vivo imaging of live specimens. However, due to the extremely small TPA cross section and the quadratic
dependence on the input photon flux, extremely high peak-intensity pulsed lasers are imperative, which can result in
significant photo- and thermal damage. Previous works on entangled TPA (ETPA) with spontaneous parametric down-
conversion (SPDC) light sources found a linear dependence on the input photon-pair flux, but are limited by low optical
powers, along with a very broad spectrum. We report that by using a high-flux squeezed light source for TPA, a
fluorescence enhancement of ∼ 47 is achieved in fluorescein biomarkers as compared to classical TPA. Moreover, a
polynomial behavior of the TPA rate is observed in the DCM laser dye.
Two-photon absorption (TPA) microscopy (with near-
infrared illumination) is the method of choice for in vivo
imaging of tissues down to millimeter depths1. It bears sev-
eral advantages including intrinsic high 3-D resolution due
to significant TPA occuring only in close vicinity to the fo-
cal volume, reduced out-of focus bleaching, highly reduced
autofluorescence, and the capability of nearly aberration-free
deep-tissue focusing along with reduced absorption2–5. Un-
fortunately, classical TPA is an extremely inefficient process
with absorption cross sections δr on the order of 10−48 cm4 ·
s/photon6. Therefore, TPA sensing and imaging generally re-
quires the use of high-intensity pulsed lasers, to insure the
near-simultaneous presence of two photons to induce the pro-
cess7,8. However, since the excitation pulse peak power is
typically 105 times the average power, samples are prone to
endure significant photo- and thermal damage9,10.
In parallel, using the unique quantum energy-time entan-
glement characteristics of photon pairs generated by spon-
taneous parametric down-conversion (SPDC), the entangled
TPA (ETPA) rate can be vastly enhanced6,11–14, with the ab-
sorption cross section σe for ETPA in the range of 10−18−
10−22 cm2. Most notably, the linear dependence of ETPA on
the input photon-pair flux, which was first predicted by Gea-
Banacloche15 and Javanainen and Gould16, was also verified
experimentally 6,11,13,14,17,18. It is a major advantage over the
quadratic dependence of classical TPA as the need for high
intensity excitation becomes obsolete. However, most current
ETPA implementations with biological specimen are limited
by a low flux of ∼ 107 photon pairs/s6,11,13,14, equivalent to
only ∼ 10 pW for near-infrared wavelengths. This is mostly
due to loss of correlation and difficulty of tuning biphoton
wavelength in the nonlinear crystals. It is also worth men-
tioning that a much more efficient photon pair flux generation
a)Electronic mail: tian.li@tamu.edu.
has been demonstrated by Jechow et al. using a type-0 quasi-
phase-matched periodically-poled-lithium-niobate waveguide
crystal19. Their photon-pair flux can be as high as ∼ 1011
photon pairs/s.
In this work, we utilize a different quantum light source that
is based on the four-wave mixing (FWM) process in an atomic
85Rb vapor cell20–26. The setup and the respective atomic
level structure are shown in Fig. 1(a) and (b). The medium
possesses a large third-order electric susceptibility χ(3) and
is pumped by a strong narrow-band continuous-wave (CW)
laser at frequency ν1 (λ = 795 nm) with a typical linewidth
∆ν1 ∼ 100 kHz. Applying an additional coherent CW seed
beam at frequency νp = ν1 − (νHF + δ ), where νHF and δ
are the hyperfine splitting in the electronic ground state of
85Rb and the two-photon detuning respectively in Fig. 1(b)
(see the Supplementary Material for further experimental de-
tails), two pump photons are converted into a pair of twin pho-
tons, namely ‘probe νp’ and ‘conjugate νc’ photons, adhering
to the energy conservation 2ν1 = νp+νc (see the level struc-
ture in Fig. 1(b)). The resulting “twin beams” are strongly
quantum-correlated and are also referred to as (seeded) two-
mode squeezed light27. Major advantages are narrow-band
probe and conjugate beams (∼ 20 MHz)26,28 along with a
freely adjustable photon-pair flux between 1013 to 1016 pho-
tons/s20,21,23–26, which is a few orders of magnitude higher
than for SPDC. Also, since FWM in atomic vapors is an non-
linear parametric process based on ground-state coherences29,
in which the main advantage arises from small two-photon
detunings from real states whereas in nonlinear crystals there
is no real state to which the signal or idler photon is close,
the generation of quantum correlations with FWM in atomic
vapors can be therefore very efficient. As can be seen from
Fig. 1(c), the twin beams exhibit a intensity-difference squeez-
ing of 6.5 dB, which is indicative of strong quantum correla-
tions27 (see the Supplementary Material for further details of
the squeezing measurement).
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FIG. 1. (a) Squeezed-light TPA setup in which a seeded 85Rb cell
produces strong quantum-correlated twin beams via FWM. The twin
beams are focused onto the sample with a 10× objective. Fluores-
cence is collected at an angle of 90◦ with a second 10× objective
and fed into a photomultiplier tube (PMT). Two short-pass filters in
front of the PMT exclude stray pump photons. The setup is enclosed
in a light-proof box. (b) Level structure of the D1 transition of 85Rb
atoms. The optical transitions are arranged in a double-Λ config-
uration, where νp, νc and ν1 stand for probe, conjugate and pump
frequencies, respectively, fulfilling νp + νc = 2ν1. The width of the
excited state in the level diagram represents the Doppler broadened
line. ∆ is the one-photon detuning, δ is the two-photon detuning,
and νHF is the hyperfine splitting in the electronic ground state of
85Rb. (c) Measured intensity-difference noise power spectrum for the
squeezed twin beams (blue line) and for the standard quantum limit
(red line), obtained with a radio frequency spectrum analyzer (with
a resolution and video bandwidth of 300 kHz and 100 Hz, respec-
tively). A squeezing of 6.5 dB is achieved. (d) Molecular structures
of fluorescein and DCM.
In this study we analyze and compare classical TPA and
squeezed-light induced TPA (SL-TPA) fluoresecence rates in
fluorescein and DCM (see the Supplementary Material for
samples preparation). Fluorescein is one of the most fre-
quently used biomarkers for bioimaging and biosensing30. Its
small size is very convenient for in vivo imaging applications,
although its relatively small classical TPA cross section gen-
erates low amounts of fluorescence7,8. The SL-TPA setup is
depicted in Fig. 1(a). A 10× objective (Thorlabs RMS10X)
focuses the near-infrared excitation light onto a solution of flu-
orophores. Following TPA, fluorescence is collected by a sec-
ond 10× objective (Thorlabs RMS10X) at an angle of 90◦ and
guided to a photo-multiplier tube (PMT) (Thorlabs PMTSS in
conjugation with a PMT transimpedance amplifier Thorlabs
TIA60). Two optical low-pass filters (Thorlabs FESH0750)
exclude stray pump photons. The measured PMT voltage out-
puts (see inset in Fig. 2) are converted into fluorescence rates
of arbitrary units (since the PMT’s response to an input pho-
ton is an inverse voltage pulse, adding all the inverse voltages
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FIG. 2. Fluorescence rates versus excitation power. The red dia-
monds and the red (dash-dotted) line show the measured values for
the coherent excitation and the respective quadratic fit. The green
stars are the rates for SL-TPA induced by the twin-beam excitations,
and the green (dash-dotted) line is the respective linear fit. Error bars
denoting one standard deviation. Inset: raw voltage output from the
PMT for coherent light (red) and squeezed light (green) excitations
of 8 mW optical power. The shaded area for each curve represents
one standard deviation.
in a given time window can therefore give us a quantity that is
proportional to the input photon flux up to a conversion factor,
see the Supplementary Material for further data acquisition
details). For classical TPA measurements only the coherent
pump beam is focussed into the microscope objective, with
the same focus spot size at the sample. Utilized powers for
the twin beams were ranging from 30 µW to the maximum of
8 mW.
Measured classical TPA fluorescence rates for fluorescein,
as a function of the input power, are shown by the red dia-
monds in Fig. 2, with error bars denoting one standard devi-
ation. The observed quadratic power law relationship agrees
well with the established literature for classical TPA, where
the fluorescence signal is proportional to the square of excita-
tion light intensity31. Fluorescence rates induced by SL-TPA
of 8 mW optical power (3.5 mW + 1.0 mW probe and seed;
3.5 mW conjugate) and 4 mW optical power (1.75 mW +
0.5 mW probe and seed; 1.75 mW conjugate) together with
6 mW optical power (2.6 mW + 0.8 mW probe and seed;
2.6 mW conjugate) and 3 mW optical power (1.3 mW +
0.4 mW probe and seed; 1.3 mW conjugate) are depicted by
the green stars (although the 3 mW and 6 mW data points
were taken on a different day, the trend is similar). Due to
experimental constraints, 8 mW is the maximal power we are
able to acquire for the squeezed light. The measured coherent
rates are fitted by the quadratic function R(I)= I2×1.5 mW−2
(dash-dotted red line), which represents the benchmark of the
true fluorescence rate as a function of the input power. It
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FIG. 3. Fluorescence rates for 8 mW SL-TPA with three differ-
ent two-photon detunings δ , shown in the atomic level structure in
Fig. 1(b) as δ . Red, green and blue bars are for δ = −10 MHz,
−5 MHz and 0 MHz, respectively. This figure demonstrates de-
graded SL-TPA enhancements as a function of the relative arrival
times of the entangled photon pairs.
can be observed from the figure that the signal for 8 mW
of coherent excitation deviates strongest from the fit. This
fact can be attributed to background noise (e.g., electronic
dark counts and spurious counts from stray ambient light)
and the overall low signal to noise ratio (SNR) of the mea-
surement (characterized by a standard deviation encompass-
ing negative values). Following the fitted curve, the fluo-
rescence rate for 8 mW coherent excitation is thus merely
9.6× 101 [a.u.]. For SL-TPA of 8 mW excitation power the
fluorescence rate is ∼ 4.46× 103 [a.u.]. This value corre-
sponds to a striking ∼ 46.5-fold enhancement over the coher-
ent excitation. Vice versa, increasing the coherent excitation
power seven-fold to∼ 55 mW, and thus the classical TPA rate
by ∼ 47.3-fold, the measured rates for 8 mW SL-TPA and
55 mW classical TPA match, thus confirming the previous
statement. Subtracting the contribution from the 1 mW co-
herent seed beam power it can be argued that the measured
SL-TPA enhancement is around ∼ 60-fold over 7 mW co-
herent excitation. Note that the seed is uncorrelated to the
quantum correlated photon pairs and that the 1 mW of coher-
ent seed excitation itself will induce negligible classical TPA
rates. More importantly, the measured fluorescence rate for
4 mW SL-TPA is ∼ 2.02×103 [a.u.]. Subtracting the respec-
tive optical power of the seed beam, we end up with the in-
put flux ratio 7/3.5 = 2.00 which matches the measured ratio
4.46/2.02 = 2.21 well (within the calculated uncertainties).
This is also true for the SL-TPA of 6 mW and 3 mW, which
is indicative of the linear dependence on the input photon-pair
flux that is expected for fluorescein in this regime. Quadratic
terms thus do not seem to contribute here.
TPA is highly sensitive to the near-instantaneous arrival of
two photons at the sample, in particular with respect to the
virtual state lifetime of the intermediate states used for the
electronic transition from the ground to the final state13,18.
In ETPA this is quantified by the entanglement time Te6,13,32.
Adjusting Te should change the measured SL-TPA enhance-
ment. Hence, an investigation of the effect of relative tempo-
ral delay between the entangled photon pairs is conducted.
The ETPA cross section σe is inversely proportional to Te
and thus the mean group velocity delay between the entan-
gled photon pairs. In the FWM process of the atomic 85Rb
vapor, the group delay between the entangled pairs can be ad-
justed by changing the two-photon detuning δ of the double-Λ
configuration in Fig. 1(b)28. The red, green and blue bars in
Fig. 3 show the fluorescence rates induced by 8 mW SL-TPA
for the values δ = −10 MHz, −5 MHz and 0 MHz, respec-
tively. For each δ value the same relative intensity-difference
squeezing of 6.5 dB (see Fig. 1(c)) is maintained, such that
the results are not affected by different entanglement levels.
For δ = −5 MHz a relatively small delay is achieved28. De-
graded fluorescence rates for δ = −10 MHz and δ = 0 MHz
confirm that the SL-TPA enhancement is degraded when the
relative delay between the photon pairs is tuned away from its
optimal value. Further experimental details on how to change
the two-photon detuning δ can be found in the Supplementary
Material.
In general, the ETPA rate Re as a function of the input
photon-pair flux density φ is expected to follow the functional
behavior Re(φ) = σeφ + δrφ 2, where σe and δr are the cross
sections for ETPA and classical TPA respectively and are de-
termined by the electronic level structure of the system under-
going TPA12,17,18,33. Both values can be determined experi-
mentally, or calculated theoretically via second-order pertur-
bation theory for a sufficiently simple system18. As previously
established, the coincident arrival and absorption of an entan-
gled photon pair leads to the linear dependence Re(φ) = σeφ
provided φ is sufficiently small6,13,14. For sufficiently high
photon-pair fluxes, TPA can be induced by uncorrelated pho-
tons from different pairs as well. The respective rate is equiva-
lent to the classical TPA rate δrφ 2. Parity between both contri-
butions is reached at the critical flux φc = σe/δr. Most previ-
ous ETPA experiments with biomarkers and low photon-pair
fluxes observed only the linear dependence6,13,14.
With means of investigating SL-TPA with high and freely
adjustable optical powers, we investigated it’s functional be-
havior in DCM laser dye (see the Supplementary Material
for its preparation). DCM dyes are known for strong TPA
around 800 nm excitation wavelength, and along with a milli
molar suspension, optical powers in the µW regime are suffi-
cient to induce enough TPA fluorescence34,35. The measured
coherent TPA rates shown as red squares in Fig. 4, agree
well with a quadratic behavior, represented by the fit func-
tion R(I) = I2× 0.304 µW−2. For SL-TPA in DCM, on the
other hand, we observed a non-linear behavior of the func-
tional form R(I)= I×7.9 µW−1+I2×0.59 µW−2. The poly-
nomial behavior of SL-TPA in Fig. 4 implies that the photon-
pair flux is already high enough to observe both linear and
quadratic contributions. In fact, given the fit values, parity is
already reached at Ic = 7.9 µW−1/0.304 µW−2 = 26.0 µW
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FIG. 4. Fluorescence signal of DCM versus excitation power of
coherent light (red) and squeezed light (green). Coherent light fitting
curve obeys a quadratic behavior, while squeezed light fitting curve
shows a polynomial behavior, indicating a high input of entangled
photon-pair flux.
for the DCM solution.
It is worthy to point out that the DCM laser dye solu-
tion requires much lower excitation powers than the fluores-
cein solution to produce appreciable TPA fluorescence rates,
most probably due to a larger classical TPA cross section δr.
In Fig. 4, the DCM signal at 130 µW coherent excitation
(∼ 0.45× 104 a.u.) roughly equals the fluorescein signal at
55 mW coherent excitation (∼ 4.43× 103 a.u.). Taking into
account the concentration of the two solutions (see the Sup-
plementary Material for details of samples preparation)36, we
estimate the classical TPA cross section δr of DCM is roughly
1800 times larger than that of fluorescein. However, the ETPA
cross section σe of DCM is actually smaller than that of flu-
orescein, as demonstrated by the relatively small SL-TPA en-
hancements. The difference can be attributed to different elec-
tronic level structures of these two organic molecules6.
In conclusion, this work investigates two-photon absorption
fluorescence rates in fluorescein biomarkers and in DCM laser
dye, induced by a coherent CW excitation light and by the
bright two-mode squeezed light. For the coherent CW exci-
tation both fluorophores show the well-expected quadratic de-
pendence on the input photon flux. The experimental results
for fluorescein with SL-TPA, however, demonstrate a linear
dependence on the input optical power, along with a ∼ 47-
fold TPA fluorescence enhancement for 8 mW squeezed light
compared to 8 mW coherent light. This can be attributed to the
predominant occurrence of entangled two-photon absorption
of quantum-correlated photon pairs. In addition, and differ-
ently from previous works using quantum states of light for
TPA in fluorophores, we report that SL-TPA in DCM laser
dye is governed by a polynomial behavior, which can be en-
tirely attributed to its far greater entangled photon-pair flux,
as compared to using SPDC sources. Thus, this work demon-
strates that our FWM based bright two-mode squeezed light
source can achieve ultra-low intensity TPA for biosensing and
bioimaging, and thus bear the potential to open up uncon-
ventional avenues for in vivo deep tissue studies of biological
specimens via TPA.
See supplementary material for complete experimental de-
tails, squeezing measurements, data acquisition and samples
preparation.
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